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Introduction
Zinc is a ubiquitous and essential metal in biology. It is both tightly associated with proteins, where it plays structural and catalytic roles, 1 and loosely bound in pools of so-called "mobile zinc." 2 The latter occur in abundance in certain regions of the body, including the hippocampus 3 and olfactory bulb 4 in the brain, the mitochondria of the prostate, 5, 6 and the pancreas, 7 where release of Zn(II) plays an important role in physiological signaling and other functions. As for any signaling molecule, maintaining homeostasis is critical to proper function, and zinc levels are highly regulated by transporters 2, 8, 9 and zincbinding proteins, such as metallothionein. 10, 11 Disruption of Zn(II) homeostasis has been associated with several pathologies, including ischemia, 12 Alzheimer's disease, 13, 14 and prostate cancer. 15, 16 To understand the biological roles of mobile Zn(II) it is desirable to have tools for its detection in vivo. [17] [18] [19] [20] [21] Although many methods are available for sensing metal ions, fluorescence detection by microscopy has proved to be an invaluable technique for non-invasive imaging of mobile Zn(II). Fluorescent probes can be designed to be biologically compatible, that is, water-soluble, cell-membrane permeable, non-toxic, and excitable at low-energy wavelengths that do not induce interfering autofluorescence or harm the cell. Their photophysical properties can be tuned such that large differences occur in luminescence for the metal-free and metal-bound states, through changes in intensity and/or wavelength.
Sensor characteristics such as binding affinity can be adjusted to match the physiological concentration of the analyte of interest and, in the case of metal ion sensing, the chelating group can be chosen to impart selectivity to the probe.
Many such Zn(II)-selective sensors have been designed and utilized for both ex vivo and in vivo imaging. Fig. 1 portrays a selection of symmetrical, fluorescein-based probes of this kind developed in our laboratory. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Fluorescein is an ideal reporter because it is biologically compatible, very bright in the on-state (φ = 0.95 in 0.1 N NaOH), 32 and compatible with most fluorescent microscopes. The pH dependence of fluorescein can be modified such that proton-induced fluorescence enhancement of a probe is minimized at physiological pH. 23, 27, 33, 34 Symmetrical sensors tend to have lower extinction coefficients than their asymmetrical counterparts, thereby lowering fluorescence emission in the metal-free state and increasing the effective dynamic range. 23, 25 One of the symmetrical probes illustrated in Fig. 1 , QZ2, 25 displays particularly interesting sensing characteristics by comparison to the first generation Zinpyr (or ZP) family of probes. 22, 23, [28] [29] [30] [31] [35] [36] [37] [38] [39] For example, QZ2 has a much lower affinity for Zn(II) (K d1 ~ mid-micromolar) than ZP1 (K d1 ~ picomolar), and can therefore detect higher concentrations of mobile Zn(II) reversibly and without probe saturation.
It also has a larger dynamic range (~ 150-fold turn on) than any of the ZP-type probes, which is beneficial for in vivo imaging, where poor signal-to-noise ratios can limit data interpretation. One limitation of QZ2 is that it is not cell- 
Results and Discussion
Design Considerations. The new trappable Zn(II) probes were based on the QZ2 scaffold, because this ligand offers many advantages as a Zn(II) detector. 25 Firstly, it employs fluorescein as the reporter, which imparts good sensing characteristics (vide supra). Secondly, QZ2 detects Zn(II) with av ~ 150-fold dynamic range, and is selective for Zn(II) over most biologically relevant cations, toxic heavy metals, and first-row transition metal ions, with the exception of Cu(II) and Ni(II), neither of which is available as a mobile M(II) species at high concentrations in vivo. Lastly, QZ2 is capable of detecting Zn(II) using one-and two-photon fluorescence microscopy in live cells, where it reports variable fluorescence over a wide range of Zn(II) concentrations. Importantly, the low binding affinity of QZ2 (dissociation constant K d1 = 41 ± 3 μM) 25 relative to other Zn(II)-specific probes such as ZP1 (K d1 = 0.04 pM, K d2 = 1.2 nM) 39 make QZ-type probes suitable for in vivo imaging under conditions of high zinc levels, such as in synaptic clefts during neurotransmission in the hippocampus 43, 44 or from the pancreatic beta cells during insulin secretion, 45 where it is estimated that labile Zn(II) concentrations may approach millimolar concentrations. Because QZ2 binds Zn(II) with a micromolar dissociation constant and its fluorescence does not saturate until millimolar concentrations of Zn(II) are present, QZ2 Zn(II) binding and subsequent fluorescence enhancement should be reversible under these physiological conditions, mak-ing the probe particularly suitable for in vivo imaging.
To impart cell-trappability to QZ2, esters were incorporated onto the quinoline rings. Esters maintain cell permeability until the probe is internalized by cells, where intracellular esterases hydrolyze the substituents to negatively charged carboxylates. The two negative charges on the probe scaffold make QZ2E incapable of re-crossing the cell membrane, rendering it cell-trappable. (Table 1) . 25 The absorbance spectral maxima occur at 499 nm for QZ2E (ε = , and QZ2A, respectively) (Fig. S1 ). This blue-shift is typical for metal coordination by fluorescein-based sensors and is presumably caused by perturbation of the fluorescein π-system upon cation binding to the phenolic oxygen atoms of the xanthenone ring.
Synthesis
Esterified ligands get hydrolyzed during studies of their pH-dependent properties. We therefore did not attempt to measure the pK a values of QZ2E. The pK a of the secondary amine nitrogen atom of QZ2 is 7.0, 25 and an NO probe with a similar structure, FL2, 46 has the same pK a value. Because of this similarity, it is likely that QZ2A and FL2A have comparable pK a values (pK a FL2A = 5.9). For QZ2, FL2, and FL2A, protonation causes only an ~ 2-fold increase in fluorescence, indicating that the ligands are fairly insensitive to pH in the biologically relevant range, especially by comparison to Zn(II)-or NOpromoted turn-on.
Metal binding of QZ2E and QZ2A. The emission profiles of QZ2E and QZ2A are almost identical to that of QZ2. The emission maxima and quantum yields of the free ligands are given in in the on-state) yields dynamic ranges ((ε x φ) on/(ε x φ) off) of ~ 102 and ~ 126, respectively. The dynamic ranges observed by fluorescence (~ 120 and ~ 150, respectively) are larger, but the ratio of the dynamic range of QZ2E to that of QZ2 is ~ 0.8 using either (ε x φ) or fluorescence emission. Therefore, the difference observed is accounted for by the differences in molar absorptivities. Despite the slight lowering of dynamic range upon esterification of the quinoline, an ~ 120-fold change in fluorescence intensity is still much greater than that exhibited by Zn(II) sensors of the ZP family 19 and more than adequate for cellular imaging. Hydrolysis of QZ2E to QZ2A causes a significant reduction in dynamic range upon exposure to excess Zn(II) (30 ± 7-fold increase in integrated emission, Fig. 2b ) because both the molar absorptivity and quantum yield of apo-QZ2A are significantly higher that those of either QZ2 or QZ2E. The quantum yield of the Zn(II)-saturated QZ2A is also lowered to 51% versus ~ 70% for QZ2 and QZ2E; however, a 30-fold turn-on is significantly greater than that of many useful Zn(II)-specific probes such as ZP1, 22 and is more than sufficient for live-cell imaging. 
that account for the relative contributions of each QZ2E species to the overall fluorescence emission, according to eq 4 ( Fig. 2, inset) . Eq 1 was determined by substituting into eq 4, using eqs 2, 3, and 5.
Because the binding of Zn(II) by QZ2E is weak, [Zn(II)] can be approximated by [Zn(II)] t , the total concentration of Zn(II) corrected for dilution. Applying the fit to the normalized fluorescence data yields values of K a1 = 7000 ± 5000 M and K a2 = 287 ± 8 M. Substituting into eqs 2 and 3 yields dissociations constants of K d1 = 3.5 ± 0.1 mM (from K a2 ) and K d2 = 150 ± 100 µM (from K a1 ). The large error associated with the K a1 determination is probably due to the small changes in fluorescence intensity observed upon coordination of the first Zn(II) equivalent (Fig. S2a, micromolar region) , a postulate substantiated by the fact that the second proportionality constant, I 2 , is similar to the first (I 1 = 1.1 ± 0.3 x 10 4 , I 2 = 3 ± 4 x 10 4 ) and that this value is subject to a large error. On the other hand, the large fluorescence changes associated with the second binding event (I 3 = 1.44 ± 0.01 x 10 6 , Fig. S2a , millimolar region) allow for a more precise estimation of K a2 . It is useful to note that the order of magnitude of binding, ~ 100 µM, is of the same order as that estimated for QZ2. The K d1 value for QZ2 was determined by taking kinetic data measured by stopped-flow spectroscopy and fitting it to a one-site binding model, assuming that the second Zn(II) binding event is of significantly lower affinity. When the fluorescence data obtained for QZ2E were fit to a one-site model (eq 6), the K d value was 2.9 mM, suggesting that the second binding event is responsible for most of the fluorescence enhancement. The poor data fit, however, indicates that a one-site model is inadequate to describe the system (Fig. S2b) .
When the same analysis was repeated for QZ2A using the two-site model, the data could not be fit within a reasonable degree of error (K d1 = 2 mM ± 9 mM, K d2 = 400 µM ± 300 µM, Fig. S3a) . A threesite model was therefore employed, as described by eq 7, because a similar ligand diacid such as one in
the Cu(II)-binding NO probe FL2A binds a third metal cation. 47 Fitting the fluorescence data for QZ2A to eq 7 gave three values of K d1 = 220 ± 30 µM, K d2 = 160 ± 80 µM, and K d3 = 9 ± 6 µM, all of which have a significant error, but the result was much better than that afforded by a two-site model (Fig. S3b) .
Most importantly, although Zn(II) binding strength to the quinoline pockets cannot be distinguished from Zn(II) affinity for the diacids, all K d values are around the same order of magnitude as that of QZ2E (~ 100 µM) and appropriate for reversible Zn(II) sensing at physiological concentrations.
Finally, because of the micromolar to millimolar affinity of QZ2E and QZ2A for Zn(II), it was ex- . 48 When 100 µM ZnCl 2 was added to a 1 µM solution of QZ2E, however, the resulting fluorescence was bearly affected by the addition of 100 µM TPEN (Fig. 3a) . When the same experiment was repeated using EDTA (K d = 10 -16.4 M) 48 as the Zn(II) chelator, the fluorescence was diminished to near baseline levels (Fig. 3b) . Repeating the experiment with tripicolylamine (TPA) vs diethylenetriaminepentaacetic acid (DTPA, K d = 10 -18.7 M) 48 gave similar results (data not shown). It is unlikely that TPEN and TPA are incapable of chelating Zn(II), given their superior affinity for the metal ion over QZ2E. The basic, pyridyl-based chelators seemingly interact with QZ2E to elicit a fluorescence response by a different, unknown mechanism. Because esterification of the quinoline rings of QZ2E presumably bends the quinolines out of plane with respect to the fluorescein to avoid a steric clash, it is possible that the Zn(II)-binding pocket of QZ2E is different from that of QZ2. We hypothesize that instead of chelating Zn(II), the pyridine rings of TPEN form a complex with Zn(II)-bound QZ2E, thereby stabilizing a fluorescent species. By comparison, the Zn(II)-induced fluorescence of QZ2A is fully reversed by both TPEN and EDTA (Fig. 3c, d ), suggesting that removal of the ethyl groups is sufficient to relieve the purported steric clash. Because an effective chelator (EDTA) was found for QZ2E, TPEN binding was not further pursued.
Selectivity of QZ2E and QZ2A for Zn(II).
In order for a probe to be useful for cellular detection of an analyte, it must be specific for that analyte over other competing biologically relevant species. One advantage of the QZ scaffold over the ZP scaffold is that, although the dipicolylamine chelating unit of the ZP family binds Zn(II) very tightly, it is not as specific for Zn(II) compared to the aminoquinoline Zn(II)-binding unit of QZ2. 19, 25 Both families of sensors are specific for Zn(II) over the biologically relevant Na(I), Ca(II), and Mg(II), the first row transition element Mn(II), and the toxic heavy metals Hg (II) and Cd(II). The QZ family, however, is also selective for Zn(II) over Fe(II) and Co(II). 25 We therefore performed a fluorescence selectivity study to ensure that modification of the quinoline ring did not alter the metal binding properties of QZ2E or QZ2A significantly enough to affect its selectivity (Fig. 4) . As anticipated, Zn(II) can displace from the new probes all the metal ions tested except for Ni(II) and Cu(II), in agreement with the selectivity shown by QZ2, confirming that modification of the quinoline ring does not alter metal-binding selectivity.
Zn(II) Detection in Live Cells.
The ability of QZ2E to detect Zn(II) in live cells was investigated using pyrithione as an ionophore to load the metal ion into cells. HeLa cells were incubated with 5 µM QZ2E for 18 h (Fig. 5) ; 4.5 µM Hoechst 33258 was added 30 min prior to imaging to stain the cell nuclei (Fig. 5b) . Very little background fluorescence was observed (Fig. 5c ) in the absence of Zn(II), but upon addition of a physiologically relevant concentration of 100 µM Zn:pyrithione (1:1), an immediate increase in fluorescence occurred that maximized within 5 min (Fig. 5d) . To ensure that Zn(II) binding of QZ2E induced this fluorescence response, EDTA-(Et) 4 , a cell-permeable variant of EDTA, was incubated with the cells. For EDTA-(Et) 4 -induced Zn(II) chelation, and therefore reduction in fluorescence signal to occur, the ester moieties of the chelator must be hydrolyzed intracellularly. Addition of 150
µM EDTA-(Et) 4 did not cause an immediate reduction of fluorescence, but after an ~ 5 min incubation period the fluorescence in the green channel was reduced nearly to background levels (Fig. 5e ). This 4 would presumably lead to complete hydrolysis of the chelator and therefore complete reduction of the fluorescence signal in the green channel; however, both the chelator and the ethanol byproduct of hydrolysis are toxic to cells, and longer EDTA-(Et) 4 incubation periods resulted in cell death.
Cell-Trappability of QZ2E.
To demonstrate trappability of the probe, HeLa cells were incubated with 5 µM QZ2E for ~ 18 h to ensure sufficient time for hydrolysis of the ester moieties to produce the cell-impermeable acids (Fig. 6) . Addition of 4.5 µM Hoechst 33258 30 min prior to imaging was used to stain the cell nuclei (Fig. 6b) . Addition of 100 µM Zn(II):pyrithione (1:1) resulted in a change in fluo- rescence from background levels (Fig 6c) to bright green (Fig. 6d) within 5 min. During this time and throughout the experiment, cells were maintained in a microscope incubator at 37 o C under 5% CO 2 to preserve cell viability. Over the course of 45 min, the cells were periodically washed to mimic conditions of media perfusion. The serum-free DMEM bath was carefully removed by pipette while the plate remained on the microscope and then fresh serum-free DMEM was added. The serum-free DMEM was removed and replaced three times to ensure good washing of the cells, and then removed permanently and replaced with 2 mL of fresh serum-free DMEM. Imaging every 10 minutes over the course of the experiment (Fig. 6e -h ) revealed that, under these conditions, Q2E is retained in HeLa cells. (Fig. 7b, c) , as expected, because the negatively charged acids produced upon esterase cleavage of the esters should block passage across the nuclear membrane. An overlay of the green probe fluorescence ( Fig. 7c ) and the red mitochondrial stain fluorescence (Fig. 7d) indicates very little overlap (Fig.   7e ). Most of the red fluorescence persists in the overlay except for a small region of yellow immediately surrounding the nucleus. These data are inconsistent with QZ2E localization to mitochondria.
The Golgi apparatus is another subcellular compartment to which fluorescein-based probes can localize, 27 and is located in close proximity to the nucleus. Therefore, the localization experiments were repeated by incubating HeLa cells with QZ2E (5 µM), Hoechst 33258 (4.5 µM, nuclear stain), and BODIPY TR Ceramide (100 nM, Golgi apparatus stain), and then inducing adequate green fluorescence for visualization with Zn(II):pyrithione (100 µM, 1:1, Fig. 8a -e) . In contrast to the results of the mitochondrial staining experiment, an overlay of the green probe fluorescence (Fig. 8c ) and the red Golgi stain fluorescence (Fig. 8d ) revealed excellent colocalization (Fig. 8e) . Essentially all of the red fluorescence observed in Fig, 8d appeared yellow when overlayed with the green QZ2E fluorescence, indicating that QZ2E localizes subcellularly to the Golgi apparatus in HeLa cells. The small overlap of green and red fluorescence observed in Fig. 7e is probably due to mitochondrial and Golgi overlap along the z-axis of the cell and not true localization of QZ2E to mitochondria. Cytotoxicity of QZ2E. Over the course of the cell imaging experiments, there was no visual cell death caused by QZ2E at the concentration used (5 µM); however, the experiments were performed at low probe concentration. To investigate the potential cytotoxic effects of QZ2E at higher concentrations, which may be needed for certain biological applications such as in tissue slices, 47 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays 49 were performed over a 24 hour period. The results indicate that QZ2E is minimally cytotoxic to HeLa cells at concentrations under 25 µM, with ~ 85% cell survival over 24 h for 1 µM probe loading, and ~ 70% cell survival over 24 h for 10 µM QZ2E. At higher concentrations, the probe becomes more toxic. For example, at 25 µM QZ2E the cell survival over 24 h drops to ~ 50%. The cytotoxicity assays are limited by the insolubility of QZ2E in DMSO. Incubation of HeLa cells with 50 µM QZ2E requires a 5% loading of DMSO, which is itself toxic, and therefore cell survival at this concentration over 24 h was only ~ 30%. A control incubation with 5% DMSO and no QZ2E showed similar results (~ 20% cell survival over 24 h), confirming that the addition of DMSO associated with QZ2E application is a limiting factor in QZ2E cytotoxicity.
Summary
The synthesis and spectroscopic characterization of the cell-trappable, fluorescein-based Zn(II) probe QZ2E and its cell-impermeable couterpart, QZ2A, are described. Modifications of the quinoline ring of QZ2E and QZ2A do not drastically alter the Zn(II) binding capacities of the probes when compared to the first generation probe, QZ2 (K d1 (QZ2) = 41 ± 3 μM, K d1 (QZ2E) = 3.5 ± 0.6 mM, K d2 (QZ2E) = 150 ± 100 µM, K d1 (QZ2A) = 220 ± 30 µM, K d2 (QZ2A) = 160 ± 80 µM, K d3 (QZ2A) = 9 ± 6 µM), nor are their emissive properties altered before and after ZnCl 2 addition to buffered solutions (φ (QZ2) = 0.5%, φ (QZ2 + Zn(II)) = 70%; φ (QZ2E) = 0.4 ± 0.1%, φ (QZ2E + Zn(II)) = 73 ± 3%; φ (QZ2A) = 1.2 ± 0.1%, φ (QZ2A + Zn(II)) = 51 ± 1%). QZ2E has a slightly reduced dynamic range with respect to QZ2, ~ 120-fold enhancement versus ~ 150-fold enhancement, respectively, but maintains selectivity for Zn(II) over other biologically relevant cations, toxic heavy metals, and most first-row transition metal ions. The dynamic range of QZ2A is more significantly reduced, to ~ 30-fold enhancement, but this value is more than adequate for in vivo visualization. QZ2E is a competent Zn(II) sensor in live HeLa cells and is retained intracellularly despite numerous washings. Unlike QZ2, QZ2E localizes to the Golgi apparatus in HeLa cells, a difference that may reflect its greater negative charge following intracellular hydrolysis of its ester moieties to become QZ2A. 16. This material is available free of charge via the Internet at http://pubs.acs.org.
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TOC Graphic:
The trappable Zn(II) fluorescent probe, QZ2E, enters cells where it is hydrolyzed by esterases to form cell-impermeable QZ2A. Following exposure of QZ2A to Zn(II), there is an approximately 30-fold fluorescence enhancement.
